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The Effect of Hypoxia and Work Intensity on Insulin
Resistance in Type 2 Diabetes
R. Mackenzie, B. Elliott, N. Maxwell, G. Brickley, and P. Watt
School of Life Sciences (R.M., B.E.), University of Westminster, London W1W 6UW, United Kingdom;
and Chelsea School Research Centre (N.M., G.B., P.W.), University of Brighton, Eastbourne BN20 7SR,
United Kingdom
Context:Hypoxia andmuscle contraction stimulate glucose transport in vitro. We have previously
demonstrated that exercise and hypoxia have an additive effect on insulin sensitivity in type 2
diabetics.
Objectives: Our objective was to examine the effects of three different hypoxic/exercise (Hy Ex)
trials on glucose metabolism and insulin resistance in the 48 h after acute hypoxia in type 2
diabetics.
Design, Participants, and Interventions: Eight male type 2 diabetics completed 60 min of hypoxic
[mean (SEM) O2  14.7 (0.2)%] exercise at 90% of lactate threshold [Hy Ex
60; 49 (1) W]. Patients
completed an additional two hypoxic trials of equal work, lasting 40 min [Hy Ex40; 70 (1) W] and
20 min [Hy Ex20; 140 (12) W].
MainOutcomeMeasures:Glucose rate of appearance and rate of disappearancewere determined
using the one-compartment minimal model. Homeostasis models of insulin resistance (HOMAIR),
fasting insulin resistance indexand-cell function (HOMA-cell)were calculatedat 24and48hafter
trials.
Results: Peak glucose rate of appearance was highest during Hy Ex20 [8.89 (0.56) mg/kg  min, P
0.05]. HOMAIR and fasting insulin resistance index were improved in the 24 and 48 h after Hy Ex
60
and Hy Ex40 (P  0.05). HOMAIR decreased 24 h after Hy Ex
20 (P  0.05) and returned to baseline
values at 48 h.
Conclusions: Moderate-intensity exercise in hypoxia (Hy Ex60 and Hy Ex40) stimulates acute- and
moderate-term improvements in insulin sensitivity that were less apparent in Hy Ex20. Results
suggest that exercise duration and not total work completed has a greater influence on acute and
moderate-term glucose control in type 2 diabetics. (J Clin Endocrinol Metab 97: 0000–0000, 2012)
The current recommendations for general health in in-dividuals with type 2 diabetes are equivalent to 30
min ofmoderate-intensity exercise daily (1, 2). Adherence
to these guidelines remains low (3) with suggestions that
30 min of moderate-intensity exercise [50% of maximal
oxygen consumption V˙O2max] has little effect on glucose
tolerance in type 2 diabetic patients (4). We recently dem-
onstrated that 60 min of exercise at approximately 50%
V˙O2max [90% lactate threshold (LT)] improves insulin
sensitivity in type 2 diabetics (5). However, 60 min of
exercise may not be an obtainable goal for diabetics. The
possibility that an equivalent or greater effect (i.e. glucose
clearance) could occur using shorter exercise durations of
similar workload would therefore have clear clinical
benefits.
Using identical exercise durations (50 vs. 70% V˙O2max
for 20 min), Hayashi et al. (6) demonstrated that glucose
effectiveness was improved after exercise at 70% V˙O2max
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but not at 50% V˙O2max, suggesting total work and energy
expenditure are key factors in contraction-stimulated im-
provements in glucose control. Counter to this, Kraniou et
al. (7) demonstrated that exercise at two different inten-
sities and durations (40% V˙O2max for 60 min vs. ap-
proximately 80% V˙O2maxfor 27 min), but of equal
work, increased glucose transporter (GLUT)-4 expression
in nondiabetic skeletalmuscle to a similar degree, but only
high-intensity exercise lowered muscle glycogen content.
This latter finding indicates that high-intensity exercise
has a greater ability to encourage postexercise glycogen
resynthesis, suggesting that total work, and not exercise
intensity or duration, is the significant contributing factor
in glucose transport activity.
Contractile activity and hypoxia are known to stimu-
late glucose uptake in skeletal muscle via Ca2/AMP-ac-
tivated protein kinase (AMPK) (contraction)-dependent
pathway (8–10) that remains largely intact in type 2 dia-
betes (11).After exercise, improvements inglucose control
are largely dependent on insulin-stimulated glucose trans-
port (12). We have shown that moderate-intensity nor-
moxic exercise and resting hypoxic exposure improve in-
sulin sensitivity in type 2 diabetics (5). In addition, this
improvement is augmentedwhenexercise andhypoxia are
combined (5). Thus, any intervention that has the poten-
tial to improve glucose controls warrants further investi-
gation. It now seems logical to examine whether manip-
ulating the exercise/hypoxic stimuli results in further
changes in insulin sensitivity. The aim of the present study
was therefore to identifywhether exercise intensity affects
insulin sensitivity after hypoxic exercise in type 2 diabetic
individuals. To accomplish this aim, totalwork completed
was kept constant during three hypoxia/exercise (Hy Ex)
trials of different duration.
Subjects and Methods
Eight sedentarymales, diagnosedwith type 2 diabetes within the
previous 5 yr by a general practitioner were recruited for this
investigation. Subjects’ clinical characteristics are presented in
Table 1. Ethical approval was granted by East Sussex Local Re-
search Ethics (United Kingdom). Written and verbal explana-
tions of the study design were provided before written informed
consent was obtained. Exclusion criteria included diabetic-re-
lated complications (i.e. neuropathy and peripheral vascular and
cardiovascular disease), current smokers, or treatment with in-
sulin. Five subjectswerediet treated; the remaining three subjects
were treated with metformin (n  2, metformin 500 mg three
times per day; n  1, metformin 500 mg once per day). Three
individuals were also being treated for hypertension [calcium
channel blockers (5–10mg twice daily)]. Subjects requiringmet-
forminwere asked to abstain frommedication in the 48 h before
experimental trials. Metformin has a whole-blood specific half-
life of approximately 17.6 h (13).
Experimental design
Study design was based on four visits. The first visit enabled
the collection of preliminary data and to obtain individual LT
values under normoxic conditions. Thereafter, subjects returned
to complete three exercise trials in hypoxia [O2 14.7 (0.2)%]
separated by a minimum of 7 d. After each exercise trial (d 1),
subjects returned to the laboratory 24 h (d 2) and 48 h (d 3) later
for the measurement of glucose kinetics and glycemic control.
Subjects refrained from exhaustive exercise andmaintained sim-
ilar lifestyles activities throughout the experimental protocol.
Nutritional intake (Compeat version 6, UK) and calorie expen-
diture (pedometers; Sports-Tech, UK) were recorded over the
3-days of each experimental trial (14). Instructionswere given to
avoid caffeine and alcohol in the 24 h preceding and during
experimental trials.
Preliminary testing
Methodology was as previously described (5). Briefly, per-
centage of body fat was estimated using bioelectrical impedance
analysis (Bodystat, UK). Venous blood samples were drawn for
the determination of glycosylated hemoglobin (Axis-Shields Di-
agnostics, UK), fasting blood glucose (YSI 2300 STAT; YSI, Yel-
low Springs, OH), and plasma insulin concentrations (ELISA;
DRGDiagnostics, UK), for the estimation of homeostasis model
of insulin resistance [HOMAIR; fasting insulin (microunits per
milliliter)  fasting glucose (millimoles per liter)/22.5] and
HOMA of -cell function [HOMA-cell; 20  fasting insulin
(microunits per milliliter)/fasting glucose  3.5 (millimoles per
liter)] (15). LT was determined on an electrically braked Lode
cycle ergometer (Lode B.V., The Netherlands) using an incre-
mental protocol starting at 0 W with 10-W increments every 3
min. Cadence remained constant throughout (60 rpm). Fin-
gertip blood samples were collected at the end of each stage for
analysis of blood lactate concentrations [La] (YSI 2300 STAT).
LT was defined as the power output preceding a sudden, sus-
tained increase in lactate concentration (1 mmol/liter above
previous stage) and confirmed by three objective physiologists.
Determination of exercise intensity
Trial one consisted of continuous exercise for 60min at 90%
ofpredeterminedLT[HyEx60mean (SEM); 49 (4)W].Totalwork
completed was calculated and used to determine the intensity
and duration for equal work to be completed in the next two















57.5 (2.3) 29.2 (2.9) 113.6 (6.7) 37.2 (3.8) 7.3 (0.3) 7.5 (0.5) 5.0 (1.2) 72.5 (13.7)
Values are means (SEM). BMI, Body mass index; HbA1c, glycosylated hemoglobin.
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exercise trials. Subsequently, subjects completed two bouts of
exercise lasting40min [HyEx40; 70 (9)W] and20min [HyEx20;
140 (12) W] in a randomized order.
Experimental protocol (d 1)
Subjects reported at approximately 0800 h, having fasted for
12 h. Each exercise trial (Hy Ex60, Hy Ex40, andHy Ex20) acted as
d 1.On arrival, one 18-gauge cannulawas positioned into a dorsal
hand vein for frequent sampling of arterialized blood (60 C) (5).
A second 18-gauge cannula was placed into a contralateral ante-
cubital vein for steady rate [6,6-2H2]glucose infusion (Cambridge
Isotope Laboratories Inc., Andover, MA). Whole-body hypoxia
[O2 14.7 (0.2)%] was administered using air-processing units
(SQ-10; Colorado Altitude Training, Boulder, CO) with a steady
flow of nitrogen (N2 40 liters/min) into a closed environment
[temperature of 20 (0.9) C and relative humidity of 41 (25)%].
Exercise/hypoxic trials
Glucose solutions were prepared on themorning of each trial
under sterile conditions after which a glucose bolus (40 ml) con-
taining 304 mg [6,6-2H2]glucose was injected over a 45-sec pe-
riod using an antecubital vein. A 30-min constant infusion (VP
5000;Medical Systems, Arcomedical Infusions Ltd., Essex, UK)
followed at a rate of 5.1 mg/min. Arterialized samples were
drawn every 5 min during this period. Subjects were then ex-
posed to hypoxia where they performed exercise trials. Infusion
rates were increased to 20mg/min during exercise (16). Subjects
remained in this environment for 60 min during each trial. Ar-
terialized blood samples (10 ml) were drawn every 10 min.
Heart rate (Polar Electro Oy, Kemple, Finland) and oxygen sat-
uration (Nonin 2500; Nonin, Minneapolis, MN), using a pulse
oximeter, were measured every 10 min.
Day 2
After a second consecutive overnight fast, subjects arrived
24 h (1000 h) after hypoxic exercise. Volunteers were cannu-
lated and basal arterialized samples collected at 15 and 30
min before the administration of a primed constant infusion (de-
scribed above) at a rate of 6 mg/min. Subjects rested while ar-
terialized samples (10ml) were drawn at 10-min intervals over
60min and immediately analyzed in duplicate for blood glucose.
Remaining samples were centrifuged and plasma stored at80
C for later analysis. Day 3 required subjects to arrive at the
laboratory after an additional overnight fast for the collection of
a 10-ml resting blood sample. Isotope infusion procedures were
not repeated for day 3. Control procedures set out for day 1were
repeated in the 24 and 48 h after each trial. Fasting blood glucose
and plasma insulin taken at day 1, 2, and 3were used to calculate
HOMAIR,HOMA-cell, quantitative insulin sensitivity check in-
dex [QUICKI; 1/(log fasting insulin (microunits per milliliter)
log glucose (milligrams per deciliter)] and fasting insulin resis-
tance index [FIRI; fasting glucose (millimoles per liter) fasting
insulin (milliunits per liter)/25] (15). These indices have been
validated against the one-compartment model (iv glucose toler-
ance test; r 0.79; P 0.0001) (18) and the euglycemic-hyper-
insulinemic clamp technique (15, 19).
Glucose rate of appearance (Ra), rate of
disappearance (Rd), and metabolic clearance rates
(MCR)
For [6,6-2H2]glucose enrichments, approximately 20 l
plasma was deproteinized with 100 l ethanol and centrifuged
(6000 rpm, 5 min). Supernatants were then dried for derivati-
zation, and 100 l hydroxylamine-pyridine (25 mg/ml) solution
was added and incubated for 60 min at 70 C. Subsequently, 100
l 99% bis(trimethyl)trifluoroacetamide/1% 2,3,5,6-tetra-
chloro-4-methylsulphonyl (Sigma-Aldrich, Exeter, UK) was
added to samples before anadditional 45-min incubationperiod.
Glucose was analyzed by gas chromatography mass spectrom-
eter (Clarus 500; PerkinElmer, Waltham, MA) for peaks of 319
(tracee) and 321 ([6,6-2H2]glucose; tracer). Glucose Ra, Rd, and
MCRwere estimatedusing anon-steady-state one-compartment
adapted model (20, 21) and were calculated at baseline (d 1),
during hypoxic/exercise treatments, and for rest during d 2:
C  Cm/(1  IE) (1)
Ra(t) 





Rd  Ra  V [(C2  C1)/(t2  t1)] (body weight1) (3)
MCR  Rd/[(C1  C2)/2], (4)
where f is isotope infusion rate, and V is the volume of distri-
bution assumed to be equal and constant (145ml/kg for glucose)
(21). The concentration (C) of the tracee at time (t) can be cal-
culated from endogenous measured concentration (Cm) of glu-
cose and enrichment at that time. C1 and C2; glucose concen-
trations and time points 1 (t1) and 2 (t2) (16). IE is the tracer
enrichment expressed as atoms percent excess at sampling times
corrected for background enrichment value determined from
basal plasma samples (22). To compensate for a known inade-
quacy of the one-compartment model, the current investigation
increased the tracer infusate content of [6,6-2H2]glucose above
that previously used (16). Increasing tracer amounts in exoge-
nous glucose infusates minimizes fluctuations in enriched sam-
ples (23).
Statistical analyses
Results are expressed as mean with SEM. Statistical significance
was set at the level P  0.05. Differences over time and between
FIG. 1. Arterialized blood lactate concentrations ([La]) during exercise.
Main-effects differences are indicated: ‡, Hy Ex60 vs. Hy Ex40, P 
0.019; *, Hy Ex60 vs. Hy Ex20, P  0.002; †, Hy Ex40 vs. Hy Ex20, P 
0.046. Values are means (SEM).
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conditions forallmeasuredandcalculatedvariableswere evaluated
by two-way repeated-measures ANOVA.Where sphericity of data
was broken, P values were corrected using the Huynh-Feldt
method, and significant differences between data points were iden-
tified using Tukey’s post hoc test (SPSS version 15).
Results
No difference was found for total kilocalorie intake, car-
bohydrate consumption, or energy expenditure both
within and between trials (P 	 0.05). Main-effect differ-
ences for arterialized blood lactate concentrations ([La])
were noted betweenHyEx60 andHyEx40 (P0.019),Hy
Ex60 and Hy Ex20 (P 0.002), and Hy Ex40 and Hy Ex20
(P  0.046, Fig. 1). Figure 2 shows mean changes in ar-
terialized blood glucose concentrations from baseline to
the end of each trial, representing the combined effects of
hypoxia and exercise. Hy Ex20 demonstrated no differ-
ence in blood glucose concentration (0.39 mmol/liter)
over the 60-min exposure. Both Hy Ex60 and Hy Ex40
caused reductions in blood glucose of 1.60 and 0.84
mmol/liter (P0.005), respectively. Time-course data for
blood glucose concentrations are presented in Fig. 3.Main
effect differences were noted between Hy Ex60 and Hy
Ex40 and between Hy Ex60 and Hy Ex20 (P  0.05). No




Hy Ex60 during exercise at 10, 20, and 30 min (P 0.037).
Ra peaked at 8.89 (0.56)mg/kg min at the 10-min point for
Hy Ex20 (Fig. 4A). Peak Ra values for Hy Ex
60 [6.26 (0.30)
mg/kg min] andHyEx40 [6.66 (0.84)mg/kg min]occurred
at the 20 min point during exercise and were found to be
29.6% (P  0.02) and 25.1% (P  0.041) lower than Hy
Ex20, respectively.
The highest Rd for glucosewasmeasured inHyEx
20 dur-
ing the first 10min of exercise [8.35 (0.60)mg/kg  min] and
remained elevated above both Hy Ex60 (P 0.001) andHy
Ex40 (P 0.040) until 40min of exercise/hypoxia (Fig. 4B).
Rd peaked within 20 min for both Hy Ex
60 [6.44 (0.32)
mg/kg  min] andHy Ex40 [6.70 (0.79) mg/kg  min] with no
difference between conditions.MCRshowednodifference be-
tweenHyEx60 [4.89 (0.30)ml/kg min],HyEx40 [5.00 (0.26)
ml/kg min], andHyEx20 [5.04 (0.70)ml/kg min] (P	0.05).
Hypoxia/exercise for 60 min
Fasting blood glucose and plasma insulin concentrations
were lower in the 24 and 48 h (P  0.05) after 60 min of
moderate-intensity exercise in hypoxia (Hy Ex60). Indices of
insulin resistance were also improved after treatment (Table
2). Rawas not different frombaseline values taken on d1 vs.
d2 forHyEx60 [d1,1.93 (0.11)mg/kg min;d2,1.87 (0.10)
mg/kg  min]. Rd was higher in Hy Ex
60 after
exercise but did not reach significance [d 1, 1.80
(0.11)mg/kg min; d 2, 1.89 (0.12)mg/kg min].
MCR demonstrated a similar pattern [d 1, 1.49
(0.06) ml/kg  min; d 2, 1.51 (0.11) ml/kg  min]
(P	 0.05) to that of Rd.
Hypoxia/exercise for 40 min
Fastingbloodglucosewas lower24and48h
(P  0.03) after Hy Ex40 (Table 3). HOMAIR
(P 0.049) and FIRI (P 0.04) were reduced,
whereas QUICKI increased (P 0.037) in the
48 h after Hy Ex40. Glucose Ra was not altered
frombaselinevaluesafterHyEx40 [d1,2.08(0.14)
mg/kg min;d2,2.01(0.13)mg/kg min].Although
higher, Rdwas not significantly different fromval-
ues recordedond1within the same trial [d1, 1.99
(0.07) mg/kg  min; d 2, 2.10 (0.25) mg/kg  min].
FIG. 2. Mean change in arterialized blood glucose concentrations over
the 60 min of each Hy Ex trial. *, Significant difference for Hy Ex60
(P  0.001); †, Hy Ex40 (P  0.005). Bars represent means (SEM).
Individual changes are also represented by lines.
FIG. 3. Arterialized blood glucose concentrations during exercise. Main-effects
differences are indicated: *, Hy Ex60 vs. Hy Ex40; †, Hy Ex60 vs. Hy Ex20; P  0.05.
Values are means (SEM).
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Similar toHyEx60,MCRwas unchanged in the 24 h afterHy
Ex40 [d1,1.52 (0.00)ml/kg min;d2,1.55 (0.04)ml/kg min].
Hypoxia/exercise for 20 min
Improvements were shown in fasting glucose, HOMAIR,
and FIRI in the 24 h after exercise. Unlike bothHyEx60 and
HyEx40, these improvementswerenotappar-
ent on d 3 (Table 4). Glucose Ra [d 1, 1.99
(0.06) mg/kg  min; d 2, 1.91 (0.13) mg/kg 
min], Rd [d 1, 1.93 (0.08) mg/kg  min; d 2,
1.91 (0.09)mg/kg min], andMCR [d1, 1.78
(0.04)ml/kg min;d2,1.75(0.10)ml/kg min]
were not changed in the 24 h after Hy Ex20.
In addition to within-trial comparisons,
differences between Hy Ex60, Hy Ex40, and
HyEx20were also tested. Baseline values for
indices of insulin sensitivity and fasting glu-
cose and insulin were not different between
trials. In addition, fasting blood glucosewas
similar betweenHy Ex60 andHy Ex40 at d 1
[7.32 (0.67) vs. 7.37 (0.33) mmol/liter] and
d 2 [7.38 (0.69) vs. 7.66 (0.23) mmol/liter,
respectively]. Fasting insulin (P  0.028),
HOMAIR (P  0.004), QUICKI (P 
0.025), and FIRI (P  0.015) were all sig-
nificantly improved in Hy Ex60 when com-
pared with Hy Ex40 at 24 h. HOMAIR was
lower in the 48 h afterHyEx60 [3.00 (0.39)]
compared with Hy Ex40 [4.04 (0.28)] with
the other indices of insulin sensitivity being
similar between conditions at this time
point. HOMAIR was higher for Hy Ex
20
compared with Hy Ex60 in the 24 h (P 
0.01) and 48 h (P 0.044) after treatment.
All other indices were unaltered with the
same comparisons. Between-trial compari-
sons were also made for Hy Ex40 and Hy
Ex20. The data show that fasting blood glu-
cosewas lower inHyEx40 at d 2 (P0.011)
with no differences noted elsewhere.
Discussion
Thepresent studywasundertaken to investigate the effects
of three different hypoxic exercise trials, each of equal
work, on insulin resistance in the 48 h after acute hypoxic
FIG. 4. Ra (A) and Rd (B) during hypoxic exercise. ‡, Significant difference between Hy
Ex60 vs. Hy Ex40 (P  0.05); †, Hy Ex60 vs. Hy Ex20 (P  0.05); *, Hy Ex40 vs. Hy Ex20 (P 
0.05). Values are means (SEM).
TABLE 2. Fasting indices of glucose tolerance, insulin secretion, insulin sensitivity, and insulin resistance for the Hy
Ex60 trial
Hy Ex60
Glucose (mmol/liter) Insulin (U/ml) HOMAIR HOMA-cell QUICKI FIRI
d 1 8.39 (0.39) 14.58 (1.1) 4.96 (0.97) 68.7 (6.5) 0.303 (0.005) 4.73 (0.78)
d 2 7.32 (0.67)b 8.57 (1.3)b 2.48 (0.26)a 49.2 (13.9) 0.334 (0.006)b 2.47 (0.30)b
d 3 7.38 (0.69)a 11.91 (0.9)a 3.00 (0.39)a 68.6 (14.3) 0.317 (0.005)b 3.48 (0.40)a
Values are mean (SEM).
a Significantly difference from d 1 (P  0.05).
b Significantly different from d 1 (P  0.01).
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exposure in type 2 diabetics. The main findings from this
studywere that exercise in hypoxia for 60min and 40min
acutely increased glucose disposal. That Hy Ex60 im-
proved insulin sensitivity in the 48 h after exercise is con-
sistentwith our previous findings (5). In addition, shorter-
duration exercise of equal work in hypoxia (Hy Ex40)
improved moderate-term insulin resistance. Acute im-
provements in glucose control were greatest in Hy Ex60
when comparisonsweremadewithHy Ex40 andHy Ex20.
Exercise is known to increase blood glucose clearance
via augmented muscle blood flow, augmented GLUT re-
cruitment, increased substrate requirement, and elevated
insulin sensitivity (24–26). Blood glucose removal is
known to be dependent on fiber type recruitment because
type II muscle fiber, with high glycolytic capacity, creates
a greater potential for glucose disposal (27). The inability
of Hy Ex20 to reduce blood glucosemay be attributable to
an elevation in Ra resulting from high-intensity exercise
(28, 29). Hy Ex40 caused an acute reduction in blood glu-
coseduring exercisebutwas47%less thanHyEx60.Given
that Rd and MCR were similar in Hy Ex
60 and Hy Ex40,
the smaller change noted in the latter trialwould appear to
be due to a higher glucose Ra toward the end of exercise
(30). The current study suggests that higher-intensity ex-
ercise in hypoxia encourages whole-body glucose trans-
port. However, glucose concentrations remain un-
changed, or decrease moderately due to a relative increase
in endogenous glucose production (29).
Insulin sensitivity has been shown to increase by 773%
after moderate-intensity exercise in type 2 diabetics (31).
Using a two-compartmental iv glucose tolerance test, our
previous findings have shown insulin sensitivity to be in-
creased after 60 min of resting hypoxia when compared
with a normoxic control [1.39 (0.08) vs. 2.25 (0.50) 
104 min1 (U/ml), respectively]. In addition, insulin
sensitivity was also at its highest after hypoxic exercise
when comparisons were made with both normoxic rest
and normoxic exercise (5). That hypoxia and hypoxic ex-
ercise improve glucose tolerance is supported from work
carried out in animal models (9). Data presented byWad-
ley et al. (29) demonstrated that hypoxic exercise causes a
greater degree of glycogen depletion over exercise alone
[normoxic exercise; 485.0 (51.2) vs. hypoxic exercise;
371.1 (40.9)mmol/kgdryweight]. Thesedata suggest that
hypoxia and exercise have an additive effect on insulin
sensitivitywith a greater potential for postexercise glucose
uptake and glycogen synthesis and may therefore provide
a justification for the use ofmoderate hypoxia in the treat-
ment of type 2 diabetes.
HOMAIRandFIRIwere improved in the24hafter each
trial, showing that the combined stress of short-duration
exercise and hypoxia can increase insulin sensitivity. The
current study did not measure muscle glycogen content;
however, it is reasonable tohypothesize that exercise, hyp-
oxia, and an approximately 12-h fast caused glycogen de-
pletion (8, 29). Furthermore, glycogen synthase activity is
increased after 60 min of moderate-intensity exercise
(90% LT) (34). This effect appears to be reversed within
48 h ofHy Ex20 because variables reflecting glycemic con-
trol returned to baseline values. Exercise lasting 40min in
hypoxia also demonstrated improvements in insulin sen-
sitivity extending to 48 h after exercise. The decrease in
insulin resistance shown in the Hy Ex60 trial was greater
when compared with Hy Ex40. Combined, these finding
TABLE 4. Fasting indices of glucose tolerance, insulin secretion, insulin sensitivity, and insulin resistance for the Hy
Ex20 trial
Hypoxic Exercise (Hy Ex20)
Glucose (mmol/liter) Insulin (U/ml) HOMAIR HOMA-Cell QUICKI FIRI
d 1 8.44 (0.56) 14.1 (1.8) 5.24 (0.66) 60.5 (10.9) 0.302 (0.005) 4.72 (0.59)
d 2 7.41 (0.55)a 11.6 (1.3) 3.76 (0.35)a 64.4 (11.0) 0.373 (0.010) 3.39 (0.32)a
d 3 7.98 (0.58) 13.9 (1.7) 5.06 (0.63) 63.7 (7.8) 0.305 (0.015) 4.55 (0.84)
Values are mean (SEM).
a Significantly difference from d 1 (P  0.05).
TABLE 3. Fasting indices of glucose tolerance, insulin secretion, insulin sensitivity, and insulin resistance for the Hy
Ex40 trial
Hy Ex40
Glucose (mmol/liter) Insulin (U/ml) HOMAIR HOMA-Cell QUICK FIRI
d 1 8.53 (0.43) 14.4 (1.0) 5.51 (0.67) 57.7 (3.1) 0.300 (0.004) 4.96 (0.60)
d 2 7.37 (0.33)a 10.8 (0.5)a 3.53 (0.18)a 57.6 (6.5) 0.317 (0.002)a 3.17 (0.16)a
d 3 7.66 (0.23)a 12.0 (0.7) 4.04 (0.28)a 60.3 (5.2) 0.312 (0.003)a 3.63 (0.26)a
Values are mean (SEM).
a Significantly difference from d 1 (P  0.05).
6 Mackenzie et al. Hypoxia, Exercise, and T2DM J Clin Endocrinol Metab, January 2012, 97(1):0000–0000
propose that exercise duration in hypoxia, and not total
work, facilitate greater improvements in moderate-term
glucose control.
Interestingly, both glucose Rd andMCRwere not differ-
entbetweend1and2foranyofthetrials.Thesedataarehard
to explain given that improvements in insulin sensitivity and
decreased fasting glucose were seen. These results may sug-
gest that the improvements in insulin sensitivity are likely the
result of increased systemic insulin action (efficiency) on glu-
coseuptake foragiven insulin concentration,becauseboth
fasting glucose and insulin concentrations were reduced.
In addition, the homeostatic feedback relationship be-
tween insulin sensitivity and insulin secretion suggests that
the improvement in insulin sensitivity would potentially
result in a decrease in insulin requirements and insulin
release due to elevated insulin-stimulated glucose clear-
ance. This can be supported elsewhere with hypoxia- and
exercise-induced improvements in acute insulin response
to an iv glucose challenge (5).
The mechanisms responsible for improvements in
postexercise insulin resistance likely include increased
GLUT-4 membrane content, elevated Akt/protein kinase
B activity and AS160 phosphorylation (35). By complet-
ing the same amount of work in a shorter duration, the
exercise intensities within the present study progressively
increased. Chen et al. (28) reported that AMPK2 activity
increases in an intensity-dependent manner during exer-
cise. AMPK activity is tightly regulated by a number of
factors including blood glucose (36) and insulin concen-
trations (37), free AMP (17), and muscle glycogen (32).
Given the collective findings above, it could be expected
that improvements in postexercise insulin sensitivity
wouldhavebeengreaterwith increasing exercise intensity.
The findings from the current work refute this notion,
because the total amount of work completed between tri-
als was equal. Treebak et al. (35) demonstrated that phos-
pho-AS160 increased during moderate exercise, which
was not evident in a shorter high-intensity bout, suggest-
ing exerciseduration is thekeydeterminate for stimulating
signaling mechanisms involved in GLUT-4 translocation.
One critique of this study is the lack of a control group
exercising under normoxic conditions. Comparing inten-
sity of exercise between normoxic and hypoxic conditions
is complicated by a shift of about 10% in relative intensity
(33).We previously showed in a companion study thatHy
Ex60 gave a greater positive response in terms of glucose
homeostasis than matched workload and duration of ex-
ercise in normoxic conditions in the same group of par-
ticipants and using near-identical methodologies (5). The
primary aim of this study was to investigate the effect of
exercise intensity, independent of work completed, on in-
sulin homeostasis after exercise in hypoxia. Thus, the aim
here was to make comparisons between varying exercise
intensities in hypoxia, not between normoxic and hypoxic
exercise.
The major findings were that moderate-intensity exer-
cise in hypoxia stimulates acute and moderate-term im-
provements in insulin sensitivity. It appears that high-in-
tensity exercise of shorter duration and of equal work (Hy
Ex20) causes improvements in HOMAIR and FIRI; how-
ever, these improvements were more apparent during Hy
Ex60 andHyEx40, showing that exercise duration and not
total work has a greater influence on acute andmoderate-
term glucose control in type 2 diabetics.
Acknowledgments
Address all correspondence and requests for reprints to: Dr. R.
Mackenzie, School of Life Sciences, University of Westminster,
115 New Cavendish Street, London W1W 6UW, United King-
dom. E-mail: r.mackenzie@westminster.ac.uk.
Disclosure Summary: The authors have nothing to disclose.
References
1. LarkinM 2001 Diet and exercise delay onset of type 2 diabetes, say
US experts. Lancet 358:565
2. Tuomilehto J, Lindstro¨m J, Eriksson JG, Valle TT, Ha¨ma¨la¨inen H,
Ilanne-Parikka P, Keina¨nen-Kiukaanniemi S, Laakso M, Louher-
anta A, Rastas M, Salminen V, Uusitupa M; Finnish Diabetes Pre-
vention Study Group 2001 Prevention of type 2 diabetes mellitus by
changes in lifestyle among subjects with impaired glucose tolerance.
N Engl J Med 344:1343–1350
3. Vermeire E, Wens J, Van Royen P, Biot Y, Hearnshaw H, Linden-
meyer A 2005 Interventions for improving adherence to treatment
recommendations in people with type 2 diabetes mellitus. Cochrane
Database Syst Rev 2:CD003638
4. Baynard T, Franklin RM,Goulopoulou S, Carhart Jr R, Kanaley JA
2005 Effect of a single vs multiple bouts of exercise on glucose con-
trol in women with type 2 diabetes. Metabolism 54:989–994
5. Mackenzie R, Maxwell N, Castle P, Brickley G,Watt P 2011 Acute
hypoxia and exercise improve insulin sensitivity (SI
2*) in individuals
with type 2 diabetes. Diabetes Metab Res Rev 27:94–101
6. HayashiY,Nagasaka S,TakahashiN,Kusaka I, Ishibashi S,Numao
S, Lee DJ, Taki Y, Ogata H, Tokuyama K, Tanaka K 2005 A single
bout of exercise at higher intensity enhances glucose effectiveness in
sedentary men. J Clin Endocrinol Metab 90:4035–4040
7. KraniouGN,Cameron-SmithD,HargreavesM2006Acute exercise
and GLUT4 expression in human skeletal muscle: influence of ex-
ercise intensity. J Appl Physiol 101:934–937
8. Cartee GD, Douen AG, Ramlal T, Klip A, Holloszy JO 1991 Stim-
ulation of glucose transport in skeletal muscle by hypoxia. J Appl
Physiol 70:1593–1600
9. Chiu LL, Chou SW, Cho YM, Ho HY, Ivy JL, Hunt D, Wang PS,
Kuo CH 2004 Effect of prolonged intermittent hypoxia and ex-
ercise training on glucose tolerance and muscle GLUT4 protein
expression in rats. J Biomed Sci 11:838–846
10. Azevedo Jr JL, Carey JO, Pories WJ, Morris PG, Dohm GL 1995
Hypoxia stimulates glucose transport in insulin-resistant human
skeletal muscle. Diabetes 44:695–698
11. Kennedy JW, HirshmanMF, Gervino EV, Ocel JV, Forse RA, Hoe-
nig SJ, Aronson D, Goodyear LJ, Horton ES 1999 Acute exercise
J Clin Endocrinol Metab, January 2012, 97(1):0000–0000 jcem.endojournals.org 7
induces GLUT4 translocation in skeletal muscle of normal human
subjects and subjects with type 2 diabetes. Diabetes 48:1192–1197
12. Fisher JS, Gao J, Han DH, Holloszy JO, Nolte LA 2002 Activation
of AMP kinase enhances sensitivity of muscle glucose transport to
insulin. Am J Physiol Endocrinol Metab 282:E18–E23
13. Heller JB 2007 Metformin overdose in dogs and cats. Vet Med
4:231–233
14. KashiwazakiH, InaokaT, Suzuki T, KondoY 1986Correlations of
pedometer readingswith energy expenditure inworkers during free-
living daily activities. Eur J Appl PhysiolOccup Physiol 54:585–590
15. Uwaifo GI, Fallon EM, Chin J, Elberg J, Parikh SJ, Yanovski JA
2002 Indices of insulin action, disposal, and secretion derived from
fasting samples and clamps in normal glucose-tolerant Black and
White children. Diabetes Care 25:2081–2087
16. Brooks GA, Butterfield GE, Wolfe RR, Groves BM, Mazzeo RS,
Sutton JR, Wolfel EE, Reeves JT 1991 Increased dependence on
blood glucose after acclimatization to 4,300 m. J Appl Physiol 70:
919–927
17. Salt IP, Connell JM, Gould GW 2000 5-Aminoimidazole-4-carbox-
amide ribonucleoside (AICAR) inhibits insulin-stimulated glucose
transport in 3T3-L1 adipocytes. Diabetes 49:1649–1656
18. Fernandez-Real JM, Vayreda M, Richart C, Gutierrez C, BrochM,
Vendrell J, Ricart W 2001 Circulating interleukin 6 levels, blood
pressure, and insulin sensitivity in apparently healthy men and
women. J Clin Endocrinol Metab 86:1154–1159
19. Katsuki A, Sumida Y, Gabazza EC,Murashima S, FurutaM, Araki-
Sasaki R, Hori Y, Yano Y, Adachi Y 2001 Homeostasis model as-
sessment is a reliable indicator of insulin resistance during follow-up
of patients with type 2 diabetes. Diabetes Care 24:362–365
20. Steele R 1959 Influences of glucose loading and of injected insulin
on hepatic glucose output. Ann NY Acad Sci 82:420–430
21. Gastaldelli A, Coggan AR, Wolfe RR 1999 Assessment of methods
for improving tracer estimation of non-steady-state rate of appear-
ance. J Appl Physiol 87:1813–1822
22. Rosenblatt J, Chinkes D, Wolfe M, Wolfe RR 1992 Stable isotope
tracer analysis by GC-MS, including quantification of isotopomer
effects. Am J Physiol 263(3 Pt 1):E584–E596
23. Finegood DT,Miles PD, Lickley HL, Vranic M 1992 Estimation of
glucose production during exercise with a one-compartment vari-
able-volume model. J Appl Physiol 72:2501–2509
24. DeFronzo RA, Ferrannini E, Sato Y, Felig P, Wahren J 1981 Syn-
ergistic interaction between exercise and insulin on peripheral glu-
cose uptake. J Clin Invest 68:1468–1474
25. Dela F, Mikines KJ, Sonne B, Galbo H 1994 Effect of training on
interaction between insulin and exercise in human muscle. J Appl
Physiol 76:2386–2393
26. Rose AJ, Richter EA 2005 Skeletal muscle glucose uptake during
exercise: how is it regulated? Physiology 20:260–270
27. Roy D, Jo´hannsson E, Bonen A, Marette A 1997 Electrical stimu-
lation induces fiber type-specific translocation of GLUT-4 to T tu-
bules in skeletal muscle. Am J Physiol 273(4 Pt 1):E688–E694
28. ChenZP, Stephens TJ,Murthy S, Canny BJ, HargreavesM,Witters
LA, Kemp BE, McConell GK 2003 Effect of exercise intensity on
skeletal muscle AMPK signaling in humans. Diabetes 52:2205–
2212
29. Wadley GD, Lee-Young RS, Canny BJ,Wasuntarawat C, Chen ZP,
Hargreaves M, Kemp BE, McConell GK 2006 Effect of exercise
intensity and hypoxia on skeletal muscle AMPK signaling and sub-
strate metabolism in humans. Am J Physiol Endocrinol Metab 290:
E694–702
30. Kang J, Kelley DE, Robertson RJ, Goss FL, Suminski RR, Utter AC,
Dasilva SG 1999 Substrate utilization and glucose turnover during
exercise of varying intensities in individuals with NIDDM.Med Sci
Sports Exerc 31:82–89
31. Bordenave S, Brandou F, Manetta J, Fe´dou C, Mercier J, Brun JF
2008 Effects of acute exercise on insulin sensitivity, glucose effec-
tiveness and disposition index in type 2 diabetic patients. Diabetes
Metab 34:250–257
32. Wojtaszewski JF, MacDonald C, Nielsen JN, Hellsten Y, Hardie
DG, Kemp BE, Kiens B, Richter EA 2003 Regulation of 5
AMP-
activated protein kinase activity and substrate utilization in exer-
cising human skeletal muscle. Am J Physiol Endocrinol Metab 284:
E813–E822
33. Hughson RL, Green HJ, Sharratt MT 1995 Gas exchange, blood
lactate, and plasma catecholamines during incremental exercise in
hypoxia and normoxia. J Appl Physiol 79:1134–1141
34. Koval JA, DeFronzo RA, O’Doherty RM, Printz R, Ardehali H,
Granner DK, Mandarino LJ 1998 Regulation of hexokinase II ac-
tivity and expression in human muscle by moderate exercise. Am J
Physiol 274(2 Pt 1):E304–E308
35. Treebak JT, Birk JB, Rose AJ, Kiens B, Richter EA, Wojtaszewski
JF 2007 AS160 phosphorylation is associated with activation of
221- but not 223-AMPK trimeric complex in skeletal muscle
during exercise in humans. Am J Physiol Endocrinol Metab 292:
E715–722
36. Akerstrom TC, Birk JB, Klein DK, Erikstrup C, Plomgaard P, Ped-
ersen BK, Wojtaszewski J 2006 Oral glucose ingestion attenuates
exercise-induced activation of 5
-AMP-activated protein kinase in
human skeletal muscle. Biochem Biophys Res Commun 342:949–
955
37. Witters LA, Kemp BE 1992 Insulin activation of acetyl-CoA car-
boxylase accompanied by inhibition of the 5
-AMP-activated pro-
tein kinase. J Biol Chem 267:2864–2867
8 Mackenzie et al. Hypoxia, Exercise, and T2DM J Clin Endocrinol Metab, January 2012, 97(1):0000–0000
